Asteroid amphitrite:  Surface composition and prospects for the possible Galileo flyby by Bell, J. F. et al.
ASTEROIT: AMPBITRITE: SURFACE COMFflSITION AND PROSPECTS FOR 'IEE FflSSIBLE 
GALILEO FLYBY. 
J e f f r e y  F. B e l l ,  Jonathan C. Gradie,  B. Kay Hawke, and Thomas B. McCord 
(P lane ta ry  Geosciences Divis ion,  Hawaii I n s t i t u t e  of Geophysics, Un ive r s i ty  of 
Hawaii, Honolulu H I  9 6 8 2 2 ) ;  and Michael J. i a f f e y  (Geology Depertment, Rensse- 
l a e r  Polytechnic  I n s t i t u t e ,  Troy NY 12181) 
Tne a s t e r o i d s  a r e  of fundamental importance t o  understanding the  o r i g i n  
and evo lu t ion  of t h e  s o l a r  system f o r  s eve ra l  reasons:  1 )  They p roba t ly  
r e p r e s e n t  remnants of t h e  popu la t ion  of small  bodies  which accuad-a t ed  t o  form 
the  p l a n e t s ,  and p rese rve  an otherwise l o s t  i n t e rmed ia t e  s t a g e  i n  the forma- 
t i o n  uf plane'raty systems, between dus t  and p l a n e t s ;  2 )  Soms of them have 
escaped the  melt ing processes  which have destroyed evidence of t h e  o r i g i n a l  
geochemistry i n  p l a n e t a r y  rocks; 3 )  Study of m e t e o r i t e s  has  pr.:vided a v a s t  
body ~f geochemiccl, mine ra log ica l ,  and i s o t o p i c  ddta  which probably r e f e r s  t o  
sme a s t e r o i d s ;  4 )  The a s t e r o i d  b e l t  i s  loca t ed  between the  rocky inne r  
p l a n e t s  and t h e  the  icy o u t e r  s o l a r  system and should p re se rve  t h e  composi- 
t i o n a l  t r a n s i t i o n  between these  r a d i c a l l y  d i f f e r e n t  c l a s s e s  of bodies .  While 
much has been l e a r n e d  about the s i z e ,  shape, and composition of a s t e r o i d s  from 
t e l e s c o p i c  obse rva t ions ,  no s p a c e c r a f t  has  v i s i t e d  ar, a s t e r o i d .  However, s tu -  
d i e s  of the t r a j e c t o r y  of t h e  G a l i l e o  mission t o  J u p i t e r  r e c e n t l y  r evea led  
t h a t  the s p a c e c r a f t  can pass  c l o s e  t o  one of t h e  l r r g e s t  a s t e r o i d s  (#29 Amphi- 
t r i t e ) .  NASA has t h e r e f o r e  a l t e x a d  the  mission Eian of t h e  G a l i l e o  Spacec ra f t  
t o  include a p o s s i b l e  c lose  f lyby of Amphitr i te  i n  e a r l y  December 1986, i f  t h e  
c o n d i t i o n  of t he  s p a c e c r a f t  allows. I f  t h i s  op t ion  i s  a c t u a l l y  implemented, 
Amphitri te w i l l  become t h e  only a s t e r o i d  f o r  which any h igh - spa t i a l  r e s o l u t i o n  
images and r e f l e c t i o n  s p e c t r a  w i l l  be a v a i l a b l e .  To eva lua te  the  ;a lae  of 
t h i s  drrta and p l ace  Amphitri te i n  the  con tex t  of t h e  more than 600 a s t e r o i d s  
f o r  which some compositional information e x i s t s ,  we have reexamined e x i s t i n g  
d a t a ,  obtained new t e l e s c o p i c  s p e c t r a  of Amphitri te,  and cons t ruc t ed  s imulated 
G a l i l e o  d a t a  s e t s .  
Previous s t u d i e s  of Amphitr i te  nave provided good information on i t s  s i z e  
and shape. Observat ions of i n f r a r e d  thermal emission i n d i c a t e  t h a t  Amphitr i te  
has  an average diameter of about 200 k i lome te r s ,  and t t a t  i t s  su r face  r e f l e c t s  
abcut  15% of t h e  s u n l i p h t  f a l l i n g  on i t .  The amount of r e f l e c t e d  l i g h t  v a r i e s  
w i th  a pe r iod  of 5 . 3 9  hours i h  a h igh ly  i r r e g u l a r  fnahion,  which in<'.icates a 
jagged "pyrauidal" shape w i t h  p r o j e c t i o n s  poss ib ly  a s  much a s  30 k i lome te r s  
above t h e  mean r ad ius .  Attempts t o  deduce the  o r i e n t a t i o n  of t he  r o t a t i o n  
pole  f r o m  the l i g h t  v a r i a t i o n s  have produced s o l u t i o n s  which d i f f e r  r a d i c a l l y ;  
t h i s  parameter must be considered e s s e n t i a l l y  unknown. Measurements of t he  
p o l a r i z u r i o n  of r e f l e c t e d  l i g h t  i n d i c a t e  t h a t  t he  s u r f a c e  i s  covered w i t h  a 
l a y e r  of pu lve r i zed  m a t e r i a l ,  presumably c r e a t e d  by small  impacts. 
S t u d i e s  of t h e  s p e c t r a l  d i s t r i b u t i o n  ("color") of r e f l e c t e d  l i g n t  p r c r  
v i d e s  the  b e s t  means of determining a s t e t o i d a l  su r f ace  compositions.  Data 
obtained i n  the  v i s i b l e  s p e c t r a l  r eg ion  (0.3 t o  1.1 microns r ave lengch)  indi-  
c a t e  t h a t  Amphitri te belongs t o  the common s p e c t r a l  c f a s s  S. These o b j e c t s  
a r e  c h a r a c t e r i z e d  by s t r o n g l y  reddened s p e c t r a l  curves  wr ,h shallow abso rp t ion  
bands d i agnos t i c  of t h e  s i l i c a t e  mine ra l s  d i v i n e  an3 pyroxene. Among t h e  14  
a s t e r o i d  s p e c t r a l  c l a s s e s  i d e n t i f i e d  i n  the  most r e c e n t  taxonomic a n a l y s i s  (by 
David J. Tholen, based on tho Uni - - e r s i ty  of Arizona 8-cclor  a s t e r o i d  su rvey) ,  
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tire S-types a r e  t h e  o t l y  abundant c l a s s  with such complex s p e c t r a .  Unfor- 
t u n a t l y ,  t h i s  c l a s s  i s  a l s o  t h e  most c o n t r o v e r s i a l ,  w i th  two opposing schools  
of thought suppoi t ing c o n t r a d i c t o r y  i n t e r p r e t a t i o n s  of t he  s p e c t r a l  da t a .  The 
c a n v e n t i o t a l  m t h o d  of i n t e r p r e t i n g  a s t e r o i d  s p e c t r a  i s  t o  p u l v e r i z e  m e t e o r i t e  
samples t o  approximately the t e x t u r e  of a s t e r o i d  r e g o l i t h s  ( a s  i n d i c a t e d  by 
the  p o l a r i z a t i o n  d a t a ) ,  o b t a i n  s p e c t r a  in  the  l a b o r a t o r y ,  and compare them 
with a s t e r o i d  s p e c t r a .  This  i s  an imperfoct technique, because some m e t e o r i t e  
c l a s s e s  a r e  very r a s e  and museum c u r a t o r s  d i s l i k e  having them destroyed,  and 
because many common types con ta in  l a r g e  masses or  networks of n i c k e l - r i c h  i r o n  
a l l o y  (with mechanical p r o p e r t i e s  s i m i l a r  t o  man-made s t a i n l e s s  s t e e l )  which 
makes +hem d i f f i c u l t  t o  pu lve r i ze .  I n  f a c t ,  none of t h e  m e t e o r i t e  s p e c t r a  
obtained t c  d a t e  match the S-type a s t e r o i d  s p e c t r a  c l o s e l y .  This  f a c t  i s  
explained in two ways: A. 1 The most common m e t e o r i t e s  (o rd ina ry  c h o n d r i t e s )  
a l s o  con ta in  shallow o l i v i n e  and pyroxene abso rp t ion  bands,  but  l a c k  t h e  s t e e p  
red slope a l s o  p r e s e n t  i n  S a s t e r o i d s .  Since the red s lope appears  i n  pure 
i r o n  m e t e o r i t e s ,  s lope should be c o r r e l a t e d  w i t h  metal  abunds-.ce. Inc reas ing  
the  metal abundance i n  an S-type r e g o l i t h  would tend t o  inc rease  t h e  s p e c t r a l  
s lope.  Therefore ,  t he  S-type a s t e r o i d s  a r e  u n d i f f e r e n t i a t e d  o rd ina ry  cb3n- 
d r i t e s  covered w i t h  a r e g o l i t h  whose apparent  metal abundance i s  enhance.: by 
the regolith-forming process .  The s imulated r e g o l i t h s  prepared from o rd ina ry  
chondr i t e s  found on E a r t h  do no t  s p e c t r a l l y  resemble t h e  n a t u r a l  r e g o l i t h s  on 
a s t e r o i d s  because t h e i r  p u l v e r i z a t i o n  i s  an Inadequate s imula t ion  of t h e  r e a l  
r e g o l i t h - a l t e r i n g  processes .  B. 1 The s p e c t r a l  d i f f e r e n c e s  between S-type 
a s t e r o i d s  and ordinary-chondri te  m e t e o r i t e s  r e p r e s e n t  a r e a l  compositional 
d i f f e r e n c e .  The l a c k  of s p e c t r a l  ma tc l e s  f o r  S -as t e ro ids  i n  the  m e t e o r i t e  
s p e c t r a  c o l l e c t i o n  i s  an b r t i f a c t  of t h e  incomplete n a t u r e  of t h a t  d a t a  s e t .  
S -a s t e ro ids  a r e  composed of d i f f e r e n t i a t e d  stony-iron m a t e r i a l  s i m i l a r  t o  the  
p a l l a s i t e  and l o d r a n i t e  E e t e o r i t e s ,  f o r  which no l a b  s p e c t r a  have been 
obtained. 
These two opposidg i n t e r p r e t a t i o n s  have r a d i c a l l y  d i f f e r e n t  imp l i ca t ions  
in many a reas .  I f  i n t e r p r e t a t i o n  A i s  c o r r e c t ,  1) t h e  most common m e t e o r i t e s  
correspond t o  t h e  most common a s t e r o i d s ;  2)  a s t e r o i d  s p e c t r a  a r e  h igh ly  non- 
r e p r e s e n t a t i v e  of t h e  bedrock beneath; ? I  S-type a s t e r o i d s  were only s l i g h t l y  
heated and metamcrphosed. I f  i n t e r p r e t a t i o n  B i s  c o r r e c t ,  1) t h e  most common 
m e t e o r i t e s  have no known pa ren t  body i n  t h e  a s t e r o i d  b e l t ,  and the  most common 
a s t e r o i d  type i s  the  source of some of t h e  r a r e s t  m e t e o r i t e  types;  2 )  s s t e r o i d  
r e g o l i t h s  a r e  merely pu lve r i zed  bedrock and a s t e r o i d  s p e c t r a  %de e a s i l y  in t e r -  
p r e t a b l e ;  3 )  S-type ' - + e r o i d s  were s t r o n g l y  heated and melted,  but  t h e  segre- 
ga t ion  cf s i l i c a t e  and metal  components was s t i l l  incomplete when t he  he6 t  
source decayed and t h e  melt  s o l i d i f i e d .  The controversy t h u s  c u t s  t o  t h e  verp 
h e a r t  of a s t e r o i d  and m e t e o r i t e  r e sea rch .  
Several  l i n e s  of r e sea rch  over the p a s t  s eve ra l  y e a r s  have converged t o  
suggest t h a t  i n t e r p r e t a t i o n  6 is  the  c o r r e c t  one ( s e e  a l s o  paper  bv M. J. Gaf- 
fey a t  t h i s  conference) .  D. J .  Tholen has  def ined a new s p e c t r a l  c l a s s  "(r' of 
which a s t e r o i d  #1862 Apoflo i s  the  prototype.  Spectsa  of t h i s  o b j e c t  a r e  
nea r ly  i d e n t i c a l  with tha i  of some pal-rerized o rd ina ry  chondr i t e s .  About 10- 
2m of t h e  a s t e r o i d s  of Earth-crossing o r b i t s  appear t o  belong t o  t h i s  c l a s s ,  
which is t o t a l l y  absent  i n  the  main b e l t .  The abundance of o rd ina ry  chon- 
d r i t e s  i n  rn- tcor i te  c o l l e c t i o n s  may t h e r e f o r e  be a a r t i f a c t  of c u r r e n t  o r b i t a l  
r e l a t i o n s h i p s  between t h e i r  p a r e n t  bodies  and Earth.  Gaffey has  produced 
simulated ordinary chondr i t e  r e g o l i t h s  i n  which the metal  abundance i s  
enhanced by magnetic s e p a r a t i o n .  S u r p r i s i n g l y ,  even very metal-r ich 
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s imula t ions  show no i nc rease  i n  t h e  red s lope thought t o  be c h a r a c t e r i s t i c  of 
n i cke l - i ron  metal .  Apparently the  s p e c t r a l  s i g n a t u r e  of metal i n  undifferen-  
t i a t e d  m r t e o r i t e s  d i f f e r s  from t h a t  i n  d i f f e r e n t i a t e d  a e t e o r i t e s .  Gaffey a l s o  
has  made obse rva t ions  of a s t e r o i d  #8 Flo ra  (which has  been naminated by pro- 
moters of i n t e r p r o t a t i o n  A a s  t h e  t e s t  match €o r  o rd ina ry  c h o n d r i t e s )  t o  
s ea rch  t o r  m i n e r ~ l o g i c  v a r i a t i o n s  a c r o s s  i t s  sa r f ace .  Scck v a r i a r i o n o  were 
found and e x h i b i t  t r ends  no t  found i n  c h o n d r i t i c  me teo r i t e s .  J. F. Be l l  and 
3. I(. Hawke have conducted the  f i r s t  compreheEsive a s t e r o i d  s p e c t r a l  survey i n  
the near- infrared s p e c t r a l  region,  which i n d i c a t e s  t h a t  Guffey' s G G = : ~  usions 
f o r  F lo ra  e x t t n d  t o  S-type a s t e r o i d s  i n  general .  F i n a l l y ,  a newly de f ined  
s p e c t r a l  c l a s s  "A" has been shown by B e l l  t o  correspond c l o s e l y  t o  s p e c t r a  of 
simulated s tony-iron r e g o l i t h s  c r e a t e d  by d i s p e r s i n g  o l i v i n e  g r a i n s  an o metal 
s 3 b s t r a t e .  This  method avoids  tho problems of p u l v e r i z i n g  metal-r ich mateor- 
i t c s ;  w i th  t h e  a d d i t i o n  of pyroxene it should be pcssi .ble t o  s imulate  S-type 
r e g o l i t h s  a s  wel l .  Recent obse rva t ions  by B e l l  and D. P. Cruikshank suggest  
t h a t  t h e  S and A t ypes  a r e  not d i s t i n c t  6 s  i n d i c a t e d  by e a r l i e r  Pow-spectral- 
r e s o l u t i o n  d a t a ,  and t h a t  both belong t o  ti l a r g e  and h igh ly  -:aried g r w p  of 
a s t e r o i d s  which i s  t h e  source of mcst types of s tony-iron me teo r i t e s .  Desyi tz  
these developments, s eve ra l  prominent and vocal suppor t e r s  of i n t e r p r e t a t i o n  A 
remain a c t i v e ;  d incuss ions  between t h e  two f a c t i o n s  cont inue t o  e n l i v e n  
criffee breaks q t  s c i e n t i f i c  meetings.  
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As p a r t  of t he  i n f r a r e d  s p e c t r a l  survey mentioned above, J. F. B e l l  qnd 
9. B. Hawke obtained a s p s c t r m  of Amphitri te a t  t h e  NASA In f r azed  Telescope 
F a c i l i t y  on 28 December 1983 which co-.:is t h e  0.8-2.5 microm wavelength racge. 
This  i s  about h a l f  t h e  wavelength coverage of t h e  Near I n f r a r e d  Mapping Spec- 
t rometer  aboard t h e  G a l j l e o  s p a c e c r a f t  (0.7-5.2 microns) .  I n  t h e  a t t a c h e d  
i i p r e  t h i s  spectrum is combined w i t h  s h o r t e r  wavelength d a t a  obtained by C. 
3. Chapman i n  1971. From t h i s  i t  i s  apparent  t h a t  Amphitri te has t h e  cypical  
S-type i n f r a r e d  s p e c t r m .  The abso rp t ion  band n e i r  0 . 9 5  microns i s  dae t o  a 
ccmbination of o l i v i n e  and pyroxe3e bands, while  t h e  band near  2 microns i s  
due t o  pyroxene alone. Camparison of the r e l a t i v e  s t r e n g t b j  of t h e s e  bands 
- i t+  a c a l i b r a t i o n  der ived from l a b  s p e c t r a  i n d i c a t e s  t h s t  t he  s i l i c a t e s  i n  
Amphitri te a r e  about 4(M o l i v i n e  I 6ok pyroxene. Wavelengths of t h e  pyroreae 
abso rp t ions  i n d i c a t e  a low-calcinm, medium-iron oytaxene. The o l i v i n e  abun- 
dance and pyroxene mineralogy a r e  h a s i s t e n t  with  any type of c h o n d r i t i c  
me teo r i t e .  Together w i t h  .he curved red cont?auum, t h i s  i n d i c a t e s  a diffeTen- 
t i a t e d  stony-iron assemblage according t o  che p r i n c i p l e s  of i n t e r p r e t a t i o n  Z 
above. The only m e t e o r i t e s  which coiild be der ived from Amphitr i te  a r e  a lew 
r a r e  "anomalous stony-irons" o r  p r i m i t i v e  azhondri tes" ,  most 1 i k e l y  t h e  
l o d r a n i t e s  which a r e  m e t e o r i t e s  cmposed of o l  i v i n e  and pyroxene c r y s t a l s  
enclosed i n  a metal matr ix .  The very small number of such m e t e o r i t e s  r e l a t i v e  
t o  tho l a r g e  number of S-type c s t e r o i d s  makes it  very u n l i k e l y  t h a t  we have a 
fragment of Amphitri te a v a i l s b l e  f o r  a n a l y s i s  on Ear th .  
As an a i d  t o  G a l i l e c  mis s ion  planning, we have used o m  te1es;opic  spec- 
t r a  t o  cons t ruc t  simulated mapping spectrometer  d a t a  s e t s .  These i n d i c a t e  
t h a t  t he  instrument,  al though intended f o r  compositional mapping of t he  s s t e l -  
l i t e s  of J u p i t e r ,  i s  i a e a l l y  s u i t e d  f o r  the Amphitri te encounter.  Even i n  the 
lowest r e s o l u t i o n  modes use fu l  compositional d a t a  can be obtained.  
Since we already posess a spectrum of b p h i t r i t e  e s s e n t i a l l y  i d e n t i c a l  t o  
those t o  be r e tu rned  by Ga l i l eo ,  how w i l l  t he  p o s s i b l e  f lyby d a t a  h e l p  us 
r e so lve  t h e  d i s p u t e  o u t l i n e d  above? The s p a t i a l  r e s o l u t i o n  p o s s i b l e  w i t h  tbe 
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G a l i l e o  mapping spectrometer  rill al low the mapping of s p e c t r a l  u n i t s  on t h e  
surface.  Under i n t e r p r e t a t i o n  A, Amphitri te should be e s s e n t i a l l y  hcaogtnous 
(except f o r  small  d i f f e r e n c e s  due t o  metamophism). However, i f  i t  has  melted 
and d i f f e r e n t i a t e d  t o  sane ex ten t .  d i c f e r e n t  depths  should have d i f f e r e n t  
mineralogies .  The highly i r r e g u l a r  su r f ace  of Amphitri te was ?resumably 
c r e a t e d  by impact e r o s i o n  of a l a r g e r  pa ren t  body, and h ighe r  "mountains" 
should correspond t o  shallower l a y e r s .  Providbd t h a t  the r e g o l i t h  dardening 
on the  su r face  has  not  completely o o s c u e d  the  d i f f e r e n c e s  i n  t h e  be& he 
Gsl..leo s p e c t r a l  maps should r e so lve  r a d i a l  d i f f e r e n c e s  i n  r i r e r a l -  v .  T.?, 
i s  some evidence f o r  s p e c t r a l  u n i t s  DE a hemispheric s c a l e  from - 1 e s c ~ p i : .  
da t a .  Unpublished 0.3-1.0 micron, s p e c t r a  obtained by Gaffe>- i n  AuSust 1978 
i n d i c a t e  v a r i a t i o n s  in the spectrum on the  o r d e r  of 2% c o r r e l a t e d  w i t h  ro t a -  
t i on .  I f  those a r e  r e a l  they suggest t h a t  we can expect a f n i r  amourt of 
s t r u c t u r e  i n  t h e  s p e c t r a l  maps from Ga l i l eo .  The a u t h o r s  p l an  t o  l cok  f o r  
these v a r i a t i o n s  wi th  improved in s t rumen ta t ion  during t h e  May 1985 o p p o s i t i o n  
of Amphitri te.  In any case t h e  G a l i l e o  i aag ing  erpciriment w i l l  provide the  
f i r s t  d e t a i l e d  information on t h e  shape, c r a t e r  Cansity.  and s u r f a c e  s t r u c t u r e  
of an a s t e r o i d .  A t  p r e sen t  t hese  parameteta a r e  i n f e r r e d  from unconvincing 
theo re t i c s '  node l s  o r  ana log ie s  w i t h  t b c  moons of Mars (which ha4e a t o t a l l y  
d i f f e r e n t  composition and bombardment environment.) 'l'he i r r e g u l a r  shape 
i n f e r r e d  f o r  Amphitri te suggests  t u a t  t h e  images shonld prove h igh ly  i n t e r e s t -  
inp .  
In summary, the Amph. r i t e  encounter  i s  t he  r i g h t  mission with the r i g h t  
instruments  t o  t h e  r i g h t  i s t e r o i d  a t  t h e  r i g h t  time t o  f i l l  major gaps i n  our 
knowledge of a s t e r o i d s .  It  w i l l  provide a f i rm  foundat ion f o r  planning f u t u r e  
ded ica t ed  a s t e r o i d  b e l t  missi0r.s and Earth-based obse rva t iona l  programs. 
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